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Free radicalsMelanins have been associated with the development of melanoma and its resistance to photodynamic therapy
(PDT). Singlet molecular oxygen (1O2), which is produced by ultraviolet A solar radiation and the PDT system, is
also involved. Here, we investigated the effects that these factors have on DNA damage and repair. Our results
show that both types of melanin (eumelanin and pheomelanin) lead to DNA breakage in the absence of light
irradiation and that eumelanin is more harmful than pheomelanin. Interestingly, melanins were found to bind
to the minor grooves of DNA, guaranteeing close proximity to DNA and potentially causing the observed high
levels of strand breaks. We also show that the interaction of melanins with DNA can impair the access of repair
enzymes to lesions, contributing to the perpetuation of DNA damage. Moreover, we found that after melanins
interact with 1O2, they exhibit a lower ability to induce DNA breakage; we propose that these effects are due
to modiﬁcations of their structure. Together, our data highlight the different modes of action of the two types
of melanin. Our results may have profound implications for cellular redox homeostasis, under conditions of in-
duced melanin synthesis and irradiation with solar light. These results may also be applied to the development
of protocols to sensitize melanoma cells to PDT.
© 2012 Elsevier Inc.Open access under the Elsevier OA license.Melanins are ubiquitous biological pigments that are formed by
amorphous polymers and are synthesized by melanocytes. They confer
color to the skin, eyes, and hair. There are two types of melanin: brown-
black eumelanin and reddish-yellow pheomelanin. Pheomelanin is
composed of benzothiazine units, derived from the oxidation of cystei-
nyldopas, and contains nitrogen and sulfur atoms in its structure
(Fig. 1A), whereas eumelanin contains only nitrogen heteroatoms and
is built from dihydroxyindole (DHI) and dihydroxyindole carboxylic
acid (DHICA) units [1] (Fig. 1B). The initial step in the synthesis ofO2, singlet molecular oxygen;
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vier OA license.both eu- andpheomelanin is the L-DOPA (L-3,4-dihydroxyphenylalanine)
oxidation or tyrosine hydroxylation catalyzed by tyrosinase, which
carries in its active site two histidine-coordinated copper ions [2] that
are essential for its activity [3,4].
Many studies have focused on the chemical properties of melanins,
such as their ability to absorb light [5], bind to ions and to other mole-
cules [6,7], and exhibit redox activity [8–10]. It was found thatmelanins
act as photosensitizers under UV radiation, thereby generating reactive
oxygen species (ROS), superoxide anion, and hydrogen peroxide
[11–13]. Interestingly, although melanins have been associated with
the generation of ROS, they have also been described as scavengers of
a variety of oxidizing and reducing radicals [9,14].
There are notable differences in the redox properties of the two
classes of melanin, in both cellular and in vitro environments. In general,
eumelanin is thought to have a protective role [8,15–17], whereas
pheomelanin is almost always considered harmful [5,16,18,19].
Melanins have been implicated in the development of melanoma. It
has been previously shown that dysplastic nevi, a phenotype that pre-
sents before melanoma development, have abnormal melanosomes,
the organelles that synthesizemelanin [20,21]. As a result, melanogenic
intermediates and related enzymes can leak out of the melanosomes
Fig. 1. Molecular structures of the monomers of (A) pheomelanin and (B) eumelanin.
Sites of attachment of the other units are indicated with arrows.
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melanin–DNA interaction was considered in the study by Kipp and
Young [23]. They found that DHICA sensitized keratinocytes to DNA
damage induced by UVA irradiation. Additionally, Hill and Hill [24]
demonstrated that DNA strand breakage can occur after B16CL4 mela-
noma cells are exposed to eumelanin in the absence of irradiation.
Exposure to UV radiation, in particular UVA (320–400 nm), is
considered a risk factor for melanoma [25–27]. The effects of UVA
radiation have largely been associated with the generation of 1O2
[28,29], a ROS that damages cells by oxidizing amino acid residues
[30,31], lipids [32], and DNA [33,34]. With respect to DNA, 1O2 reacts
preferentially with guanine residues, generating 8-oxo-7,8-dihydro-
2′-deoxyguanosine [35], which is commonly referred to as 8-oxodGuo.
Thismodiﬁed base can pair with adenine, leading to G→T transversions
[36,37]. In general, studies on the effect of 1O2 on DNA use either photo-
sensitizers [38–40] or thermally dissociable endoperoxides [39,41–43]
as 1O2 sources. The latter source has the advantage of eliminating addi-
tional variables, such as sample overheating or the generation of radicals
by irradiation, and can also provide a controlled anduniform 1O2 release.
In this work, we have explored the possibility that melanins may
interact with DNA and 1O2, and our results contribute to a better under-
standing of the effects of 1O2 and melanins on DNA damage.
Materials and methods
Reagents
Synthetic eumelanin, mushroom tyrosinase, D-mannitol, deferoxa-
minemesylate salt, dimethyl sulfoxide (DMSO), deuteriumoxide, super-
oxide dismutase (SOD), catalase, bathocuproine disulfonic acid disodium
salt, L-DOPA, Chelex 100 chelating resin, bathophenanthroline sulfonate,
ferritin from horse spleen, and ethylenediaminetetraacetic acid (EDTA)
were purchased from Sigma–Aldrich Chemical Co. (St. Louis, MO, USA).
Sodium azide, disodium hydrogen phosphate, methylene blue (MB),
and L-cysteine were from Merck (Darmstadt, Germany). Endonuclease
III (EndoIII) and formamidopyrimidine–DNA glycosylase (FPG) enzymeswere purchased from New England Biolabs (Acton, MA, USA). Hoechst
33342 trihydrochloride was from Invitrogen (Carlsbad, CA, USA). The
pUC18 plasmid was purchased from Fermentas (Thermo Scientiﬁc).
High-performance liquid chromatography (HPLC)-grade methanol was
purchased from J.T. Baker (Mallinckrodt Baker, Phillipsburg, NJ, USA).
The agarose was from Agargen (Brazil), and the PlusOne ethidium bro-
mide solution was from GE Healthcare–Amersham Biosciences (UK).
Ultrapure water was obtained using a GEHAKA System (São Paulo,
Brazil).
Pheomelanin synthesis
Pheomelanin was synthesized as described elsewhere [44]. The
reaction was started from cysteine and L-DOPA with tyrosinase;
after puriﬁcation, the product was veriﬁed with HPLC analysis of the
hydriodic reduction products of pheomelanin according to [45].
Endoperoxide synthesis
N,N′-di(2,3-dihydroxypropyl)-1,4-naphthalenedipropanamide
(DHPN) was synthesized as previously described by [42]. The endoper-
oxide of DHPN—DHPNO2—was prepared byMB photosensitization [46].
DNA strand break assay and electrophoresis
The pUC18 plasmid (400 ng) was incubated under constant agi-
tation with 400 μg ml−1 pheomelanin or eumelanin (both solubilized
in 1 M NaOH) and 20 mM DHPNO2 in phosphate-buffered medium
(pH 7) for 2.5 h at 37 °C, protected from the light. For the mechanistic
investigations, 20 mM bathocupreine, 20 mM deferoxamine, 20 mM
DMSO, 200 mM mannitol, 200 mM sodium azide, 10 mM potassium
iodide (KI), 1000 U ml−1 SOD, and/or 100 U ml−1 catalase were
added to the reaction. To investigate base oxidation, FPG (8 U ml−1)
or EndoIII (10 U ml−1) enzyme was used according to the manufac-
turer's protocol for 30 min at 37 °C. The reaction was stopped with the
addition of 65 mM Tris–HCl, pH 8.0, 1.75 mM EDTA, 10.0% Ficoll, 1.0%
SDS, and 0.02% bromophenol blue). After electrophoresis in an agarose
gel (1%) in TBE buffer (89 mM Tris–borate, 2 mM EDTA, pH 8.0), the
samples were labeled with ethidium bromide and analyzed using den-
sitometry and the ImageJ 1.43u software (Wayne Rasband, National In-
stitutes of Health, Bethesda, MD, USA). The percentage of DNA strand
breaks was measured by calculating the relative amounts of linear (L)
and open circular (OC) forms of DNA, correcting for the less efﬁcient la-
beling of the supercoiled (SC) form by ethidium bromide [47].
Measurement of oxidatively damaged bases
Theoccurrence of lesionswithinDNA (8-oxodGuoand5,6-dihydroxy-
5,6-dihydrothymidine (ThdGly)) was assessed as described elsewhere
[48].
EPR analysis
EPR studies were performed in a Bruker EMX instrument at 77 K
(X band, 9.5 GHz, 20.31 mW, 100 kHz of frequency modulation).
Determination of iron release from ferritin
Iron release from horse spleen ferritin (250 μg ml−1) was moni-
tored in the presence of melanins (50 μg ml−1) by measuring the
increase in absorbance at 530 nm due to the formation of the Fe2+-
bathophenantholine sulfonate complex, as described by Oteiza et al.
[49].
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Melanins (400 μg ml−1 in phosphate buffer, pH 7) were irradiated
using light-emitting diode (LED) lamps at 526±20 nm (Cromatek;
Cromax Eletrônica LTDA, São Paulo, Brazil) for a total dose of 1.5 to
9 J/cm2. Then, the pUC18 plasmid (400 ng) was added to the medium,
and the reaction was carried out for 2.5 h at 37 °C, protected from the
light.
Spectra of melanins after DHPNO2 incubation
The visible spectrum of the melanins (400 μg ml−1, in phosphate
buffer, pH 7) was recorded before and after incubation for 2.5 h at
37 °C in the presence or absence of 20 mM DHPNO2. The samples
were kept in a Corning Special optical microplate, and the spectra
were measured using an Inﬁnite Tecan microplate reader.
DHICA synthesis
DHICA was synthesized as described by Charkoudian and Franz
[50].
DHICA reaction with DHPNO2 and HPLC analysis
DHICA (100 μg ml−1) was incubated with 10 mM DHPNO2 for
2.5 h at 37 °C, protected from the light, and then analyzed by HPLC
(Shimadzu). A Synergy Fusion column (Phenomenex, 150×4.6 mm,
5 μm) was employed with a mobile phase of 0.1% formic acid, pH
2.7:methanol 90:10 (at 0.5 ml/min). Detection was achieved with
a UV–Vis detector (254 nm). At the output of the UV detector, a
small fraction of the sample was directed into an MS spectrometer
(micrOTOF Q-II; Bruker Daltonics, Billerica, MA, USA) at a ﬂow rate
of 100 μl min−1. The spectra were obtained in the positive-ion
mode. The source temperature was maintained at 180 °C, and the
ﬂow rate of the drying gas was 6 L min−1. The capillary electrode po-
tential was set to −4.5 kV.
Hoechst 33342 and melanin competition assay
The ability of melanin to bind to the minor grooves of DNA was
evaluated by observing the reduction in the ﬂuorescence of the
Hoechst dye. Hoechst 33342 (2 μM) was mixed with 290 ng ml−1
plasmid in a phosphate-buffered medium, and the emission spectrum
of the dye was obtained in the range of 370 to 600 nm upon excita-
tion at 343 nm.
Statistical analysis
The data were analyzed with the Prisma software, using either a
Student t test or ANOVA followed by Tukey's test, as indicated in
the legend.
Results and discussion
Mechanism by which melanins induce DNA strand breaks
The role of melanins in DNA damage was evaluated, and the data
are presented in Fig. 2. Pheomelanin (Fig. 2A) and, to a greater extent,Fig. 2. Effects of (A) pheomelanin and (B) eumelanin on DNA damage and investigation
into the mechanism of strand breakage. pUC18 plasmid (400 ng) was incubated under
constant agitation with 400 μg ml−1 pheomelanin or eumelanin for 2.5 h at 37 °C, pro-
tected from the light. To determine the mechanism, 20 mM DMSO, 200 mM mannitol,
100 U ml−1 catalase, and/or 1000 U ml−1 SOD, 10 mM KI, 20 mM deferoxamine,
20 mM bathocupreine, or 200 mM sodium azide were added to the reaction. The kinet-
ics of breakage are shown in (C). The results are expressed as the means±SD of three
independent experiments. OC, open circular; L, linear. ***pb0.001.eumelanin (2B) were associated with DNA strand breakage. We in-
vestigated the mechanism by which pheomelanin and eumelanin
could lead to DNA breakage by employing substances that could
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melanins, so they are discussed together. The addition of catalase and
KI resulted in a seven- to ninefold reduction in DNA breaks, indicating
the involvement of H2O2. Indeed, o-diphenols such as eumelanin can
undergo autoxidation, giving rise to O2•− [51], which can generate
H2O2 after spontaneous dismutation or a melanin-catalyzed reduc-
tion, even in the absence of light [52]. Production of H2O2 was also
detected during the autoxidation of the melanin's precursors, DHI
and DHICA [53]. Once formed, H2O2 can be further reduced by transi-
tion metals, such as Fe2+ and Cu+, yielding the highly reactive •OH
radical through the so-called Fenton reaction. This mechanism is con-
sistent with the abrogation of DNA strand breakage observed after the
addition of DMSO and mannitol (•OH scavengers) or deferoxamine
and bathocupreine (chelators of Fe2+ and Cu+, respectively) to the
reaction medium. The occurrence of DNA damage after exposure to
Fe2+ and H2O2 is well documented [54,55]; in this case, •OH is the
main reactive species involved in base oxidation [56]. As Fe2+ is oxi-
dized to Fe3+, the latter can be reduced back to the ferrous form by
O2•−, thus feeding back into the Fenton reaction. The 50% reduction in
breaks observed after the addition of SOD to the reaction medium could
be explained by the absence of Fe2+ recycling; a direct action of O2•− is
less likely because of its poor reactivity toward DNA [57].
Notably, when copper and H2O2 are involved in DNA damage, the
mechanism is quite different from that described for iron ions, as one-
electron oxidation (instead of •OH) is responsible for the damage in
the presence of Cu+ [58]. When Cu2+ catalyzes the H2O2-mediated
oxidation of DNA, 1O2 is thought to be the main species involved
[58–60]. A similar process occurs when H2O2 is generated by a copper/
hydroquinone system [61]. Considering that 1O2 is formed by Cu2+/
H2O2, the inhibition of DNA breakage observed after the addition of
azide could be related to 1O2 quenching or to the ability of azide to
chelate copper ions. There has been much discussion about the ability
of 1O2 to generate single-strand DNA breaks. The most widely accepted
mechanism involves the oxidation of 8-oxodGuo, which is more reactive
than 2′-deoxyguanosine itself [62]. Oxaluric acid is the product of
8-oxodGuo oxidation in oligonucleotides [63], and because this lesion
is more labile than 8-oxodGuo, it could be the precursor of single-
strand breaks [64,65].
The involvement of •OH in melanin-driven DNA damage was con-
ﬁrmed by measuring two types of oxidized bases: 8-oxodGuo and
ThdGly. Whereas 8-oxodGuo can be formed with a variety of oxidants
(including 1O2), ThdGly is exclusively produced from the action of •OH
on DNA [66]. As expected from the previous study of Ravanat et al.Fig. 3. Yield of oxidized nucleosideswithin pUC18 plasmids incubatedwith eithermelanins
orDHPNO2. pUC18plasmidwas incubatedunder constant agitationwith 400 μgml−1 pheo-
melanin or eumelanin or 20 mM DHPNO2 for 2.5 h at 37 °C, protected from the light. The
results are expressed as the means±SD of two independent experiments performed in
triplicate. ***pb0.001; nd, not detected.[35], 8-oxodGuo but not ThdGly levels were found to be elevated
upon exposure to the 1O2 generator DHPNO2 (Fig. 3). When DNA
was incubated with melanins, there was an increase in the levels of
both 8-oxodGuo and ThdGly. This result is consistent with the idea
of •OH formation. The levels of 8-oxodGuo were higher in the
eumelanin-treated samples than in those incubated with pheomelanin,
consistent with the data from the strand-break assay.
The presence of copper and iron ions was not expected, as there
are no reports of these ions in the tyrosinase protocol of pheomelanin
synthesis and this protocol has been widely used for many years
[7–9,67,68]. Nonetheless, the protocol does not include any steps to
remove the tyrosinase from the reaction, and the pheomelanin puriﬁ-
cation requires the pH to be lowered to 3 and a wash with organic
solvents. With these steps, it is likely that the copper is released
from the tyrosinase and made available to bind to pheomelanin. In
addition, traces of iron are known to be present in phosphate buffer
[69], which is used during pheomelanin synthesis. We conﬁrmed
the presence of copper and iron ions in the pheomelanin samples
with EPR analysis (Fig. 4). Although these ionswere present in our sam-
ples as contaminants from synthesis, our results are still signiﬁcant be-
cause melanins naturally bind to positively charged inorganic ions
through their carboxyl moieties [6,70]. This property allows the mela-
nosome to be ametal reservoir for the cell that can regulate the storage,
release, and exchange of metallic ions [71]. In addition, melanoma cells
are known to exhibit an increased uptake ofmetal ions [72]. As such, we
believe that the amount of metal-free melanin in the cell could be
negligible and that the biological effects of melanins are due to the
metal-bound form.
Interestingly, Cu2+ was also detected in the EPR spectrum (Fig. 4,
inset), and DNA damage was inhibited by the Cu+ chelator bathocu-
preine (Fig. 2). This result supports a direct involvement of melanins
in the redox chemistry of copper.
We also found that melanins form stable radicals (Fig. 4), consis-
tent with previous ﬁndings [73]. In our experiments, however, DNA
breakage was nearly completely inhibited with ROS-deactivator
agents, making it unlikely that melanin radicals can directly act on
DNA (Figs. 2A and B).
We found that both melanins have the same mechanism of action,
but it is clear that their structural differences result in an unequal
ability to promote DNA breakage, as pheomelanin had milder effects
than eumelanin. Moreover, in the presence of pheomelanin, the for-
mation of DNA strand breaks was slower and achieved plateau levels
before that in the presence of eumelanin (Fig. 2C).Fig. 4. EPR spectra of pheomelanin samples. The signal in g=4.277 is due to iron ions
(spin 3/2). The intermediate signal, with a hyperﬁne structure (g//=2.248; A//=181.3 G;
g =2.063) corresponds to copper(II) ions. The singlet signal is from the pheomelanin
stable radical (g=2.005, line width=16.3 G).
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We found that the main mechanism by which melanins promote
DNA damage is dependent on the presence of metal ions, such as iron
and copper. In addition, themetalloprotein ferritin is known to be over-
expressed inmetastaticmelanoma [74], contributing to the progression
of disease [75]. Thus, we tested whether melanins would induce the
liberation of iron from ferritin.Melaninswere incubated in the presence
of horse spleen ferritin for 2.5 h at 37 °C. The appropriate control groups
were also included to account for the iron ions that were bound to our
samples. Both melanins were found to release iron from ferritin with
very similar kinetics (Fig. 5). The iron ions liberated from ferritin are
likely to interact with melanins, amplifying the damaging potential of
these pigments and profoundly disturbing cellular redox homeostasis.
Effect of melanin and 1O2 interaction on DNA damage
The precise interaction of 1O2 and melanins with DNA and the
effects of that interaction are relevant to the etiology of melanomas
and the optimization of PDT to treat this type of skin neoplasia. Thus,
we tested the role of 1O2 by employing the endoperoxide DHPNO2 as
a chemical source of 1O2. DHPNO2 undergoes a thermal decomposition
into a naphthalene derivative at 37 °C in the dark; approximately 60% of
the released dioxygen is in the excited form [76]. Interestingly, when
DHPNO2 was co-incubated with either type of melanin, DNA damage
was reduced (Fig. 6A). A greater effect was observed for eumelanin:
breakage decreased to 50% of OC+L in the presence of DHPNO2.
Controls using preheated DHPNO2 showed that DHPN can also play a
role in this system (not shown).We believe that it contributes to the re-
duction of DNA strand breaks by acting as a •OH scavenger. Regardless,
this result suggests an interaction between 1O2 and melanins. Recently,
Chiarelli-Neto et al. [77] described that the photosensitization of mela-
nins under visible light (532 nm) leads to 1O2 formation by a type II
mechanism. It was proposed that melanins themselves suppress 1O2
by directly reacting with it. We employed this method to pretreat
melanins with 1O2. Melanins were irradiated with 526-nm-emitting
LEDs before their incubation with DNA. Consistent with previous data,
1O2-oxidized melanins were less able to induce DNA strand breaks
(Fig. 6B) in a dose-dependent manner (Fig. 6C). Our results suggest
that 1O2 somehow interferes with the action of melanins, reducing the
effects caused by those pigments. To the best of our knowledge, this
work is the ﬁrst to report that 1O2 can contribute to the protection of
DNA against damage from another agent.
In support of the idea that melanins react with 1O2, melanins were
found to bleach after DHPNO2 treatment (Figs. 7A and B). Others haveFig. 5. Effect of melanins on the release of iron from ferritin as a function of incubation
time. Iron release fromhorse spleen ferritin (250 μgml−1)wasmonitored bymeasuring the
increase in absorbance at 530 nm due to the formation of the Fe2+–bathophenantholine
sulfonate complex when incubated in the presence of melanins (50 μg ml−1). The data
are shown as the means±SD of three independent experiments.
Fig. 6. The effect of singletmolecular oxygen onmelanin-inducedDNAbreakage. (A) pUC18
plasmid (400 ng)was incubated under constant agitationwith 400 μgml−1 pheomelanin or
eumelanin and 20mM DHPNO2 for 2.5 h at 37 °C, protected from the light. The results are
expressed as the means of three independent experiments. *pb0.05 and **pb0.01, with
Student's t test. (B) Melanins (400 μg ml−1 in phosphate buffer, pH 7) were irradiated at
526±20 nm for a total dose of 9 J/cm2. Then, the plasmid (400 ng) was added to the medi-
um, and the reaction was carried out for 2.5 h at 37 °C, protected from the light. The results
are expressed as the means of three independent experiments. *pb0.05 and ***pb0.001,
after ANOVA followed by Tukey's test. (C) Melanins (400 μg ml−1 in phosphate buffer, pH
7) were irradiated at 526±20 nm for a total dose of 1.5 to 9 J/cm2. Then, the plasmid
(400 ng) was added to the medium, and the reaction was carried out for 2.5 h at 37 °C,
protected from the light. The graph displays the ability of irradiated melanins to induce
strand breaks relative to that of the nonirradiated melanins (in percentage). The data are
shown as the means of an experiment performed in triplicate.reported similar ﬁndings when melanins are photosensitized in the
presence of Rose Bengal [78,79]. These effects could be correlated
with changes to the structure of the melanin. To test this hypothesis,
Fig. 7. Evidence of a reaction between singlet oxygen reaction and melanins. A decrease in absorbance between 400 and 600 nmwas observed when (A) pheomelanin or (B) eume-
lanin (400 μg ml−1, in phosphate buffer, pH 7) was incubated with 20 mM DHPNO2 for 180 min. (C) Representative chromatogram of DHICA (100 μg ml−1) before (black line) and
after (gray line) incubation with 10 mMDHPNO2. The inset shows the UV–Vis spectrum for the DHICA peak achieved under the analysis conditions employed. (D) MS spectra of the
peak of DHICA. The structure of DHICA is shown in the inset.
1950 A.A. Suzukawa et al. / Free Radical Biology & Medicine 52 (2012) 1945–1953we employed the eumelanin precursor, DHICA, as a model (Fig. 7D,
inset) because the amorphous property of melanins makes it difﬁcult
to analyze with conventional methods and a monomeric unit is easier
to handle. We incubated DHICA with DHPNO2, and the products of the
reaction were analyzed with HPLC. The peak of DHICA (retention time
6 min, conﬁrmedwithUV andMS; Figs. 7C, inset, andD, respectively) al-
most disappeared after DHPNO2 incubation, indicating that the DHICA is
consumed by 1O2 (Fig. 7C).Wedid not identify the products because our
goalwas only to conﬁrm that DHICAwas susceptible to oxidation by 1O2.
Our results provide strong evidence thatmelanins reactwith 1O2 to gen-
erate other products (possibly more inert than melanin itself); thus,
melanins act as potent scavengers of 1O2. It has already been suggested
that 1O2 can add to the indol ring of melanin [77], but no biological sig-
niﬁcance has been attributed to this phenomenon. Others have also pro-
posed that melanins can quench 1O2 [80]. Given our results, PDT may
have a low efﬁcacy not only becausemelanin absorbs light and therefore
decreases the yield of excited dyes but also because the melanins in
melanoma cells can function as effective 1O2 scavengers.
Recognition of melanin-mediated DNA lesions by repair enzymes
Once we demonstrated that melanins are able to damage DNA
through a Fenton-type reaction and can also protect DNA from 1O2 ox-
idation, we attempted to check the yield of FPG- or EndoIII-sensitive
sites in each case. Both enzymes participate in the repair of damaged
DNA and catalyze a two-step reaction: ﬁrst, the oxidized base is
removed (N-glycosylase activity), generating an AP site; then, there is
3′ and 5′ cleavage in the AP site (AP-lyase activity), leading to the for-
mation of a 1-base gap. The main difference between the two repair
enzymes is that FPG can recognize oxidized bases, such as 8-oxo-7,8-
dihydroadenine, 2,6-diamino-4-hydroxy-5-formamidopyrimidine,4,6-diamino-5-formamidopyrimidine, 5-hydroxycytosine, and 5-
hydroxyuracil [81], whereas EndoIII (also abbreviated as Nth) has a
higher speciﬁcity for other lesions, including urea, ThdGly, 5-hydroxy-5-
methylhydantoin, 5,6-dihydroxy-5,6-dihydrouracil (uracil glycol), and
methyltartronylurea [82]. Thus, the recognition of the injured base by
these enzymes increases the amount of nicked plasmid, which can be
measuredwith agarose gel electrophoresis. Consistentwith the literature,
we found that 1O2 led tomild DNA breakage [39,83,84] and an increase in
the amount of FPG- but not EndoIII-sensitive sites [34,85]. In the presence
of melanins, neither FPG- nor EndoIII-mediated DNA cleavage was
observed (Fig. 8).
Considering ourﬁndings, the very short half-life of •OH radicals (reac-
tion constants for •OH/DNA, 0.4×109 M−1 s−1 [86]; •OH/pheomelanin,
1.1×109 M−1 s−1; •OH/eumelanin, 1.5×109 M−1 s−1 [87]), and the
structure of the melanins, we hypothesized that melanins could inter-
act closely with DNA; in this way, they could prevent enzyme recogni-
tion of damaged bases. As the minor-groove binder Hoechst 33342
shares some structural similarity with melanins (it is also formed by
indolic rings, see Fig. 9A), we tested whether melanins could compete
for Hoechst binding sites by evaluating Hoechst ﬂuorescence enhance-
ment after DNA binding. If the two molecules compete for the same
site, the addition of melanins to the Hoechst-bound DNA would result
in a decrease in ﬂuorescence. In fact, both pheomelanin and eumelanin
were found to bind to the minor grooves of DNA (Figs. 9B and C). This
property makes melanins very dangerous to DNA. If the excision of
base lesions can be prevented by the binding of melanins, errors in
replication would be perpetuated, resulting in the accumulation of
genetic mutations and contributing to melanoma's genetic instability.
In fact, it was shown that dysplastic nevus accumulates more FPG-
sensitive sites on DNA than normal melanocytes [19] and that cells
that are incubated in the presence of melanins have increased DNA
Fig. 8. DNA damage after treatment with DHPNO2 and/or melanins and the recognition
of damaged bases by the FPG or EndoIII repair enzyme. (A) Representative electrophoretic
gel of pUC18 plasmid, and the effects of pheomelanin and eumelanin on 1O2-induced
damage. ∅, no incubation with repair enzymes; OC, open circular form; L, linear form;
SC, supercoiled form. (B) Percentage of open circular and linear DNA forms after incuba-
tion with 20 mMDHPNO2 or pheomelanin/eumelanin (400 μgml−1, in phosphate buffer,
pH 7). Eumel, eumelanin; Pheomel, pheomelanin. The columns represent themeans±SD
of three independent experiments. *pb0.05; ***pb0.001; ns, not signiﬁcant.
Fig. 9. Competition for theDNAminor groove bymelanins andHoechst 33342. (A)Molec-
ular structure of Hoechst 33342 dye. (B) Hoechst 33342 wasmixedwith the plasmid, and
the emission spectrum of the dye was obtained in the range of 370 to 600 nm upon exci-
tation at 343 nm. The highest curve corresponds to the sample that received no melanin.
As themelaninswere added, a decrease in theﬂuorescencewas observed. (C) The integra-
tion of the area under the curve of the data presented in (B) is shown to provide a better
visualization of the effect of melanins on Hoechst binding to DNA.
1951A.A. Suzukawa et al. / Free Radical Biology & Medicine 52 (2012) 1945–1953lesions due to oxidation [24]. This result could be due to either promo-
tion of injury or lack of repair. Recently, Wang et al. [88] demonstrated
that melanocytes are less effective in repairing DNA after UVA irradia-
tion than normal ﬁbroblasts; the authors proposed that an interaction
of melanins with repair enzymes or DNA could be occurring, but a
mechanism was not provided.
We next conﬁrmed the ability of melanins to prevent the recognition
of damaged bases. We incubated plasmids with DHPNO2 to generate
8-oxodGuo; then, the FPG enzyme was added in the presence and ab-
sence of melanins. As a control, we used two known minor-groove
binders, methyl green and Hoechst 33342. Because the presence of
melanins could increase the amount of broken DNA, we used a shorter
period of incubation in this experiment. We observed that the FPG ac-
tivity on damaged DNA was lower when it was added together with
the melanins (Fig. 10), suggesting that the FPG was not able to reach
the damaged DNA and recognize the preformed lesions. This effect is
probably due to melanin binding to the DNA and directly impairing
the access of repair enzymes. Although we cannot rule out the possibil-
ity of a direct interaction between the melanins and the enzyme or a
melanin-mediated loss of the enzyme's activity, our hypothesis is sup-
ported by the fact that melanin synthesis intermediates interact with
DNA and impair deoxyribonuclease I activity [89]. This important and
novel result highlights the harmful effect of melanins on DNA: not
only do they have the potential to generate highly reactive ROS and
lead to DNA backbone lesions, but they also prevent DNA repair.
Conclusions
In this report, we show that both types of melanins, eumelanin
and pheomelanin, can lead to DNA breakage, independently of an ir-
radiation source. The probable mechanism is a Fenton-type reaction
because melanins bind metal ions and have redox properties. We
also clearly demonstrated that melanins associate with the minorgrooves of DNA, allowing them to not only directly promote DNA
damage but also prevent the access of repair enzymes to DNA lesions.
Nevertheless, melanins react with 1O2, which may generate structural
modiﬁcations that result in a reduced ability to break DNA. Our results
support a dual role for melanins as pro- and antioxidants. Together
with previous work, our results provide the basis for understanding
the factors that contribute to the development of melanoma and may
improve strategies for using PDT to treat melanoma, considering that
DNA damage is an important factor contributing to cell death.
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